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Tunnel junctions

I

Al

Al
Al2O3

An important circuit element in 
single electron transistors.

V
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Readings this lecture covers

• Ferry pp. 91-101, 114-117
• Esaki Nobel lecture (reading packet)
• Gaiver Nobel lecture (reading packet)
• Gaiver PRL (reading packet)
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Quantum tunnel probabilityEnergy

z ~ dP e−

d
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Band diagram for tunnel junction
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Band diagram under bias
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Band diagram under bias
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In the macro world, states are very finely spaced and we have (discuss):
(Later in the class we will see that this fails in nanosized circuits.)



30

Last modified 4/2/2004 EECS 217C Nanotechnology © 2004 P. Burke 30

I-V curve
( )

, ,

( ) ( )
x y z

L L
n n n

I e f E f E eV T= − +  ∑

( )
,

( ) ( )
x y z

L L
n n n

I e f E f E eV T= − +  ∑∑

x

x
n

dn→∑ ∫
y

y
n

dn→∑ ∫
z

z
n

dn→∑ ∫

In the macro world, states are very finely spaced and we have (discuss):
(Later in the class we will see that this fails in nanosized circuits.)

( )( ) ( )x y z L LI e dn dn dn f E f E eV T→ − +  ∫ ∫ ∫



31

Last modified 4/2/2004 EECS 217C Nanotechnology © 2004 P. Burke 31

I-V curve
( )( ) ( )x y z L LI e dn dn dn f E f E eV T→ − +  ∫ ∫ ∫



32

Last modified 4/2/2004 EECS 217C Nanotechnology © 2004 P. Burke 32

I-V curve
( )( ) ( )x y z L LI e dn dn dn f E f E eV T→ − +  ∫ ∫ ∫

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

L x y

mI e dn dn dE f E f E eV T
L LE n n

m
π π

→ − +  
− +

∫ ∫ ∫ h h



33

Last modified 4/2/2004 EECS 217C Nanotechnology © 2004 P. Burke 33

I-V curve
( )( ) ( )x y z L LI e dn dn dn f E f E eV T→ − +  ∫ ∫ ∫

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

L x y

mI e dn dn dE f E f E eV T
L LE n n

m
π π

→ − +  
− +

∫ ∫ ∫ h h

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

F x y

mI e dn dn T dE f E f E eV
L LE n n

m
π π

≈ − +  
− +

∫ ∫ ∫h h



34

Last modified 4/2/2004 EECS 217C Nanotechnology © 2004 P. Burke 34

I-V curve
( )( ) ( )x y z L LI e dn dn dn f E f E eV T→ − +  ∫ ∫ ∫

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

L x y

mI e dn dn dE f E f E eV T
L LE n n

m
π π

→ − +  
− +

∫ ∫ ∫ h h

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

F x y

mI e dn dn T dE f E f E eV
L LE n n

m
π π

≈ − +  
− +

∫ ∫ ∫h h

( )( ) ( )L L LdE f E f E eV eV− + ≈  ∫ (show on board)



35

Last modified 4/2/2004 EECS 217C Nanotechnology © 2004 P. Burke 35

I-V curve
( )( ) ( )x y z L LI e dn dn dn f E f E eV T→ − +  ∫ ∫ ∫

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

L x y

mI e dn dn dE f E f E eV T
L LE n n

m
π π

→ − +  
− +

∫ ∫ ∫ h h

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

F x y

mI e dn dn T dE f E f E eV
L LE n n

m
π π

≈ − +  
− +

∫ ∫ ∫h h

( )( ) ( )L L LdE f E f E eV eV− + ≈  ∫ (show on board)

( )
( )

2 2 2 20 0
2 2

1
( / ) ( / )

2

x y

F x y

mI eV eT dn dn
L LE n n

m
π π

∞ ∞
≈

− +
∫ ∫h h



36

Last modified 4/2/2004 EECS 217C Nanotechnology © 2004 P. Burke 36

I-V curve
( )( ) ( )x y z L LI e dn dn dn f E f E eV T→ − +  ∫ ∫ ∫

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

L x y

mI e dn dn dE f E f E eV T
L LE n n

m
π π

→ − +  
− +

∫ ∫ ∫ h h

( )
( )2 2 2 2

2 2

1 ( ) ( )
( / ) ( / )

2

x y L L L

F x y

mI e dn dn T dE f E f E eV
L LE n n

m
π π

≈ − +  
− +

∫ ∫ ∫h h

( )( ) ( )L L LdE f E f E eV eV− + ≈  ∫ (show on board)

( )
( )

2 2 2 20 0
2 2

1
( / ) ( / )

2

x y

F x y

mI eV eT dn dn
L LE n n

m
π π

∞ ∞
≈

− +
∫ ∫h h

( ) ( )constantI eV≈


